I. INTRODUCTION
Vertical alignment in multilayer self-assembled nanostructures is evidence of the strain that exists in these samples. Structures with multiple layers of quantum wires ͑QWRs͒ grown by the strain-induced lateral-layer ordering ͑SILO͒ process have resulted in the spatial alignment of wires along the ͓100͔ direction. 1 This is similar to what has been observed in both SiGe structures 2 and III-V based quantum dots ͑QDs͒ with multiple dot layers. 3, 4 This alignment is due to the fact that as the barrier material is deposited on a QWR or QD layer it must adapt to a growth front with a composition and/or a lattice constant that varies across the growth plane. Consequently, the barrier material will undergo localized strain variations, which result in a preferred location for subsequent QWRs or QDs. 3, 5 Vertical alignment is attained provided the barriers are not too thick. 3 Other possible responses of the barrier material to the laterally varied growth plane depend on the composition of the group III sublattice of the barrier. The most common barrier used for In͑Ga͒As QDs on GaAs substrates is GaAs. For GaInAs QWRs on InP grown by the SILO process, AlGaInAs is typically used as a barrier. Where GaAs barriers in the case of QDs can become locally strained when deposited over a dot layer, quaternary AlGaInAs can, in addition, undergo a phase separation 6 when deposited over SILO grown QWRs. Furthermore, AlInAs or InP barriers can be used in the case of GaInAs QWRs. Therefore, in this communication we study how binary, ternary, and quaternary barriers respond to being grown in between layers of SILO prepared QWRs with an emphasis on how the barrier material reacts to the multiaxial strain 7 inherent to these QWRs. Given the fact that GaInAs QWRs grown by the SILO process also display strain dependent luminescence anomalies such as a temperature invariant band gap, [7] [8] [9] we also studied the effect of different barrier materials on the behavior of the band gap with respect to temperature.
II. EXPERIMENT
The SILO process was used to prepare the QWR heterostructures studied herein. It is an all in situ method of creating high-density, defect-free QWRs using molecular beam epitaxy. 10 A lateral composition modulated layer of GaInAs is achieved by depositing nearly strain-balanced ͑GaAs͒/ ͑InAs͒ short period superlattices ͑SPS͒ on ͑100͒ InP. The small net strain in the SPS drives a phase separation that results in the lateral composition modulation. This lateral composition modulation manifests itself as alternating regions of In-rich GaInAs and Ga-rich GaInAs across the ͓110͔ direction where each region extends along the ͓110͔ direction. By surrounding the composition modulated GaInAs by higher band gap material in the growth direction, QWRs are formed. In this study, samples with five QWR layers made from eight pair (GaAs) 2 The microstructure of the samples was studied using cross-section transmission electron microscopy ͑XTEM͒ to determine the effect of the barrier material on the degree of lateral composition modulation in the GaInAs QWR layers. When taking TEM images, two perpendicular but crystallographically equivalent g vectors ͑gϭ͓002͔ and ͓200͔͒ were used to minimize the strain contrast while maintaining the structure factor contrast.
12 Samples were also examined by photoluminescence ͑PL͒ spectroscopy at temperatures above 300 K using an Ar ϩ laser tuned to 5145 Å. The PL was detected with a liquid-nitrogen cooled Ge detector using the lock-in technique. Fig. 1 are dark-field ͓110͔ XTEM micrographs of three similar GaInAs QWR heterostructures whose only difference is the material used for the barrier between QWR layers. The five QWR layers ͑bright bands͒ seen in Fig. 1͑a͒ are separated by 75 Å of Al 0.24 Ga 0.24 In 0.52 As, whereas the QWR layers seen in Fig. 1͑b͒ are separated by 75 Å of Al 0.48 In 0.52 As. The XTEM micrograph of the GaInAs QWR sample with 75 Å of InP barriers is shown in Fig. 1͑c͒ . Normally, different barrier materials sandwiched between the same quantum well ͑QW͒ layers would only affect the peak PL wavelength of the different samples. In the case of SILO grown QWRs, however, the barrier material also affects the microstructure as evidenced in Fig. 1 by the differing degrees of lateral composition modulation across the ͓110͔ direction within the QWR layers for the three different samples. The sample in Fig. 1͑a͒ has a strong lateral composition modulation resulting in well-defined In-rich GaInAs QWRs that, in this view, are the bright near-rectangular fringes which extend into the page. 10, 11 In fact, the lateral composition modulation is so strong for this sample that the QWR-barrier interfaces are noticeably nonplanar. This is because the lattice constant is starting to vary significantly across the growth plane resulting in areas of lattice compression and lattice dilation. 13 Note that the dark regions adjacent to each bright fringe are Ga-rich GaInAs QWRs. 12 Conversely, the samples in Figs. 1͑b͒ and 1͑c͒ have a weak lateral composition modulation which is made clear by the lack of a welldefined contrast variation across the ͓110͔ direction. Furthermore, areas of lattice compression and lattice dilation are not as apparent in Figs. 1͑b͒ and 1͑c͒ .
III. RESULTS AND DISCUSSION
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The reason for these differences in the degree of lateral composition modulation is due to the accumulation, or lack thereof, of strain that occurs during QWR growth using the SILO process. 11, 14 Since the strain induced by the SILO process is a cumulative effect, a SILO grown QWR layer formed by an eight pair SPS will be more strained than one formed by a six pair SPS. Similarly, a QWR heterostructure containing five QWR layers will be more strained than one containing three QWR layers. In both cases, XTEM micrographs of the strongly strained samples exhibit a strong lateral composition modulation ͑contrast variation͒ across the ͓110͔ direction as expected. 10 Therefore, by comparing to Fig. 1 , it can be concluded that using Al 0.24 Ga 0.24 In 0.52 As as a barrier material allows more efficient accumulation of strain than Al 0.48 In 0.52 As. This observation is consistent with the thermodynamic model of Glas 13 in which decomposition of a layer being grown occurs during growth in response to an inhomogeneously strained surface. Furthermore, Glas demonstrated that once a composition modulated growth begins it is favored to continue. In the case of SILO grown QWRs, however, we continually deposit barriers in between each QWR layer. Therefore, whether or not, and to what degree, the composition modulation continues in subsequent QWR layers depends on the barrier material. Consistent with the work of Stringfellow, 6 we observed that the quaternary barriers are less stable against composition fluctuation and spinodal decomposition than ternary barriers. This is shown by the fact that some composition modulation in the barrier layers can be seen in Fig. 1͑a͒ and this has been observed using scanning tunneling microscopy ͑not shown͒ on QWR samples with AlGaInAs barriers. This situation favors the continuance of lateral composition modulation and strain accumulation in subsequent QWR layers ͑for the barrier thicknesses used here͒. Accordingly, Fig. 1͑a͒ does show a strong lateral composition modulation within the QWR layers. On the contrary, no composition modulation in the barrier layer can be seen in the ternary barriers of Fig. 1͑b͒ . Furthermore, the microstructure of the QWR layers with InP barriers seen in Fig. 1͑c͒ is similar to that seen in Fig. 1͑b͒ indicating that InP barriers also allow less strain accumulation during QWR growth using the SILO process. This makes sense because binary compounds like InP cannot undergo a composition modulation to accommodate the inhomogeneously strained surface of SILO grown QWR layers.
It is known that GaInAs QWRs grown by the SILO process display PL anomalies with respect to temperature changes and that these anomalies differ depending on the amount of strain present in the QWR region. [7] [8] [9] The amount of strain present in the QWR region has been determined empirically using XTEM and temperature dependent PL, 7, 11, 14 and has also been determined theoretically. 15 For instance, it has been shown via XTEM and PL that moderately strained GaInAs QWRs display little to no net shift in peak PL wavelength between 77 and 300 K. Moreover, the peak PL wavelength from strongly strained GaInAs QWRs grown by the SILO process blueshifts 500-900 Å with an increase in the measurement temperature. That is to say, the 77 K peak wavelength is up to 900 Å longer than the 300 K peak wavelength. Given that this unique behavior is different for differing amounts of strain, we investigated the PL spectra with respect to the temperature of GaInAs QWR samples with different barrier materials. It was found that samples with quaternary barriers with three different compositions (Al x Ga 0.48Ϫx In 0.52 As, xϭ0.14, 0.24, and 0.34͒ displayed temperature dependent PL behavior indicative of strongly strained QWRs. Specifically, their 77 K peak PL wavelengths were 700-900 Å longer than their 300 K peak PL wavelengths. Samples with ternary Al 0.48 In 0.52 As or binary InP barriers demonstrated behavior usually associated with moderately strained GaInAs QWRs. These samples had 77 K peak PL wavelengths of only 50-300 Å longer than their 300 K peak PL wavelengths. These results are consistent with the XTEM micrographs of Fig. 1 where it was shown that quaternary barriers do in fact yield strongly strained GaInAs QWR structures and samples with ternary ͑or binary͒ barriers are moderately strained at best.
More interesting temperature dependent PL behavior was found above room temperature as seen in Fig. 2 . Here the peak PL wavelength dependence on temperature between 293 and 360 K for different GaInAs QWR heterostructures grown by the SILO process is shown along with data from a multiple QW control sample. The QWR structures are the same except for the barrier material where the control sample consists of five GaInAs QWs nominally lattice matched to InP that are separated by Al 0.24 Ga 0.24 In 0.52 As barriers. The wavelength-shift rate from the QW control sample is ϳ6 Å/°C which is typical for this material system. In fact, the wavelength-shift rate would be the same even if the QWs were biaxially strained. The wavelength-shift rates for the GaInAs QWR samples, however, are drastically reduced. Structures with Al 0.48 In 0.52 As or InP barriers have wavelength-shift rates of only ϳ2.5 Å/°C. Moreover, as seen in Fig. 2 , the peak PL wavelength for GaInAs QWRs separated by quaternary barriers almost does not change at all. Typical wavelength-shift rates for these structures range from 0.2 to 1.0 Å/°C above 300 K for the range of quaternary barrier compositions studied. The composition of the quaternary barrier did not seem to have a strong effect on the wavelength-shift rate of the QWR heterostructures studied. Instead, the barrier composition affected the peak PL wavelength and intensity at 300 K. Quaternary barriers containing as much as 34% gallium yielded weaker PL signals and longer wavelengths.
Given that GaInAs QWR samples with quaternary barriers are strongly strained relative to samples with ternary or binary barriers, it is evident that a certain amount of strain is needed to achieve a stable band gap with respect to temperature. But it should be pointed out that it is the strain and not the barrier itself that is responsible for this temperature stable band gap behavior. 8 Shows in Fig. 3 this structure does not have as strong a lateral composition modulation as the sample shown in Fig. 1͑a͒ . Therefore, this sample is not as strongly strained despite the fact that it contains quaternary barriers. Moreover, the QWR sample shown in Fig. 3 has a wavelength-shift rate of 3 Å/°C. Thus, quaternary barriers used in the standard GaInAs QWR heterostructure, i.e., five QWR layers formed via an eight pair ͑GaAs͒ 2 /͑InAs͒ 2.25 SPS and separated by 75 Å barrier layers, allow enough strain to accumulate so as to yield very low wavelength-shift rates. In a nonstandard structure such as the one seen in Fig. 3 , not enough strain can accumulate because the barriers are too thick and there are not enough QWR layers. 11 Note that the difference between a standard and nonstandard SILO grown GaInAs QWR sample is that the standard structure is optimized for optical quality so that it can be incorporated into devices.
IV. SUMMARY
In summary, it was found that the barrier material does affect the microstructure of SILO grown GaInAs QWRs. Specifically, nominally lattice matched AlGaInAs resulted in QWR heterostructures that are more strained than the same structure grown with nominally lattice matched AlInAs or InP barriers. In addition, SILO grown GaInAs QWR samples with nominally lattice matched quaternary barriers and wavelength-shift rates of less than 1 Å/°C above room temperature were shown. This is because the quaternary barrier allows a strain threshold to be reached in GaInAs QWR heterostructures optimized for optical quality.
